All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Perceptuo-motor learning of coordinated actions is important at all ages. As children, we learn to perform the perceptuo-motor coordinations involved in daily tasks like dressing, eating, walking, or combing one's hair. Then, older adults who have experienced stroke or injury are required to re-learn such coordinated actions or to learn new coordinations like walking with a walker or a cane or buttoning a shirt using the fingers of a single hand. Perceptuo-motor learning of coordinated rhythmic movements has been studied extensively using a model task introduced by Kelso \[[@pone.0121708.ref001]\], namely, coordinated bimanual rhythmic movement. This task entails rhythmic oscillatory movements of two limbs in coordination with one another (for instance, two hands oscillating about the wrist joints or two forearms moving about the elbow joints). Nearly everyone is able to perform two different modes of coordination readily and stably without special training or learning. The modes are described in terms of the relative phasing of the movements of the two limbs. One of the two easily produced modes is 0° relative phase. This means that each of the two limbs is doing the same thing as the other at the same time. So, for instance, the two wrists are flexed together and extended together. The other of the two modes is 180° relative phase and this means that the two limbs are moving oppositely at the same time. So, one wrist flexes while the other extends and vice versa. Modes other than these two typically cannot be produced spontaneously and stably, but they can be learned. So, for instance, without learning, one cannot typically perform bimanual rhythmic movement at 90° relative phase. In a 90° coordination, one wrist would be halfway through flexion (or extension) while the other wrist would be just beginning flexion (or extension) and vice versa. This coordination can be learned, however, with appropriate training \[[@pone.0121708.ref002]\].

In the original bimanual rhythmic coordination studies, a single person moved about two joints, each in a different limb, for instance, the left and right wrists. Subsequently, Schmidt et al. \[[@pone.0121708.ref003]\] found the same patterns of behaviour when two people each used vision to coordinate the rhythmic movement of a single limb with the rhythmic movement of a single limb of the other person. The two people could spontaneously produce stable 0° and 180° coordinated movement, but they could not produce other modes stably without training. See also \[[@pone.0121708.ref004]\]. This finding led to studies of visually controlled unimanual coordination in which a participant moved a single limb (for instance, a hand grasping and moving a joystick) to oscillate a dot in a computer display in coordination with another dot in the display that was oscillated by the computer \[[@pone.0121708.ref005]\]. This is called visual or unimanual coordination, because perceptual information about the coordination mode (that is, whether the dots are moving at 0° or 180°) is only available to vision. Such visual coordination also exhibits all the same patterns of behaviour as bimanual coordination. 0° and 180° coordination can be spontaneously and stably produced, but 90° coordination cannot be produced without special training and perceptuo-motor learning \[[@pone.0121708.ref006]--[@pone.0121708.ref007]\]. This and other research showed that coordination is perceptually mediated either by vision \[[@pone.0121708.ref005], [@pone.0121708.ref008]--[@pone.0121708.ref010]\], or for instance, in bimanual coordination with eyes closed, by haptic (or kinesthetic) perception \[[@pone.0121708.ref011]\].

Bimanual and unimanual coordination at 90° relative phase are ideal tasks for the study of perceptuo-motor learning because the tasks have been studied extensively so as to be well understood \[[@pone.0121708.ref012]--[@pone.0121708.ref014]\], yet they are truly novel to most participants. They are challenging, but doable, tasks for perceptuo-motor learning that can be performed by the young and old alike. Initial studies of older participants in their 70s attempting to learn these tasks, in comparison to younger participants in their 20s, showed that learning occurred at a slower rate \[[@pone.0121708.ref015]--[@pone.0121708.ref017]\]. This was consistent with findings in studies using other tasks to study perceptuo-motor learning \[[@pone.0121708.ref018]--[@pone.0121708.ref020]\]. However, in all these earlier studies, the actual learning rates were not measured. Coates et al. \[[@pone.0121708.ref021]\] studied age differences in learning rates. They investigated perceptuo-motor learning of a 90° relative phase in a visual unimanual coordination task and measured the learning rates of participants in their 20s compared with participants in their 70s and 80s. They found that the learning rates of the older participants were half those of the younger ones. The question raised by this finding was when and at what rate over the lifespan does the perceptuo-motor learning rate decline.

Coates et al. \[[@pone.0121708.ref022]\] used the same perceptuo-motor learning task as in their previous study \[[@pone.0121708.ref021]\] and measured learning rates of participants in their 20s, 30s, 40s, 50s, 60s, 70s, and 80s to discover the form of the change in perceptuo-motor learning ability over the lifespan. They found that a modest constant change occurred in perceptuo-motor learning rate from the 20s through the 40s, and then, during the 50s, a sudden larger drop in learning rate occurred, followed by little additional change in the 60s through the 80s. They called the sudden change the "50s cliff."

Coates et al. \[[@pone.0121708.ref022]\] were not able to conclude that the 50s cliff necessarily reflected a genuine sudden decline in perceptuo-motor learning ability. The reason was that the visual coordination task entailed visual motion perception to control the coupling or relative phasing between the two moving dots in the display. Aging has been shown to negatively affect a variety of tasks requiring visual motion perception. See Anderson \[[@pone.0121708.ref023]\] for a review. For instance, the visual discrimination of speeds of motion is poor in older adults \[[@pone.0121708.ref024], [@pone.0121708.ref025]\]. Aging also yields poor performance in visually perceiving the 3D shape of objects viewed in Structure-From-Motion (SFM) displays \[[@pone.0121708.ref026], [@pone.0121708.ref027]\]. These results may reflect changes that have been found in aging of cortical function, such as reduced neuronal inhibition that leads to decreased center-surround antagonism in visual cortex for processing motion \[[@pone.0121708.ref028]--[@pone.0121708.ref030]\]. Thus, the 50s cliff might reflect these deficits in visual motion perception that emerge with aging rather than a sudden decline in perceptuo-motor learning as such.

The current study was designed to address whether the 50s cliff reflects a change in perceptuo-motor learning or a change in visual motion perception. We tested perceptuo-motor learning of 90° coordination by two different groups of participants in their 20s, 50s, 60s and 70s. Subsequently, each group was tested in one of two different bimanual coordination tasks. We used bimanual coordination tasks because they entailed the learning of a rhythmic coordination with a 90° relative phase without requiring use of visual information to guide the movements. Thus, both tasks included non-visual haptic (and therefore, kinesthetic) information about the coordinative movement being produced as participants grasped each of two joysticks and moved them. (In the previous studies by Coates et al., only a single joystick had been used because the task was visual unimanual coordination.) In one task (called 'haptic'), no visual information about the movements was available. Only haptic information was available to the group of participants. In the other task (called 'visual), both haptic and visual information about the movements was available to that group of participants. In this case, each of the two joysticks controlled the movement of a dot seen in a computer display so participants perceptually controlled the movements of the two dots both visually and haptically.

If a deficit in visual motion perception had been responsible for the 50s cliff found in the previous study, then we expected superior perceptuo-motor learning by older participants who performed the purely haptic bimanual coordination task. Accordingly, we would not expect the '50s cliff' to appear in the results from this task. Also, we would expect the addition of visual information to result in poorer learning by older participants who performed the visual (and haptic) bimanual coordination task. Alternatively, if the 50s cliff reflected a genuine decline in perceptuo-motor learning, then we expected similar results for both groups and tasks, and the 50s cliff should be universal.

In addition, if the 50s cliff was produced by a deficit in visual motion perception, then we did not expect performance of older participants with the availability of visual information to be better than performance without it, that is, with only haptic information available. As an additional test of this expectation, we also tested participants in each group at baseline and post-test using the task practiced by the other group. Thus, participants in the haptic group also performed the visual task to test whether their performance might be worse than in the haptic task. The participants in the visual group also performed the haptic task to see whether their performance might be better than in the visual task. Alternatively, if there was no deficit in visual motion perception responsible for the observed performance levels, then participants in each group were simply expected to perform better in the task in which they had trained and at comparable levels.

Finally, if a deficit in visual motion perception was not a factor, then it was possible that performance might be better with the availability of visual information in addition to haptic information either because the visual information is better or simply because more information is better. In this case, especially if participants trained with both visual and haptic information, performance might be expected to be better with the availability and use of visual information.

Method {#sec002}
======

Ethics Statement {#sec003}
----------------

The study was approved by the Institutional Review Board at Shanghai University of Sport (SUS), CHINA, and written consent forms were obtained from all participants.

Participants {#sec004}
------------

A total of 96 adults were recruited from the residential communities surrounding the SUS campus through flyers disseminated during a wellness and health fair administered by the district government. Participants were recruited in four age groups: 24 were in their 20s (10 males and 14 females; mean age = 22); 24 were in their 50s (10 males and 14 females; mean age = 54); 24 were in their 60s (10 males and 14 females; mean age = 64); 24 were in their 70s (13 males and 11 females; mean age = 73). All participants were naïve to the experimental questions. Participants were screened and excluded from the study depending on their performance in an initial assessment session in which they performed coordinations of 0°, 180°, and 90°. The performance measure was the Proportion of Time on Task (PTT = % of the trial duration within an error bandwidth of the targeted phase, see \[[@pone.0121708.ref001], [@pone.0121708.ref007], [@pone.0121708.ref014]\] for details). Participants were invited to continue the study if their mean PTT performing 90° was less than 50%, and their mean PTT performing 180° was greater than that for 90° by at least 10%, otherwise, they were thanked for their interest and not included in the study. All participants were also screened for visual acuity using a standard Snellen chart (20/20 as normal or corrected to normal). They were also tested on the Upper Extremity Functional Scale \[[@pone.0121708.ref031]\] (the UEFS score≥80%) to make sure that they were able to move their two arms and hands and to perceive relevant visual and kinesthetic stimulation. Participants who did not pass these tests were not included in the study.

Apparatus {#sec005}
---------

Participants sat on a stool (with adjustable height) facing a 15" PC laptop with its screen set to a resolution of 1024 x 768 and a refresh rate of 60Hz. Two Logitech Force 3D joysticks were connected via USB to the PC, one opposite the left shoulder of the participant and the other opposite the right shoulder. A custom-built shelf was set on the table on which the PC sat at eye height of the participant with the joysticks hidden underneath by a tablecloth covering the shelf. All participants reached and grasped the joysticks without seeing them. The computer displays showed two white dots on a black background, one dot above the other. The top dot was controlled by the left joystick, and the bottom dot by the right joystick (see [Fig 1](#pone.0121708.g001){ref-type="fig"} for illustration). The amplitude of movement of each dot was 300 pixels, and each dot was 60 pixels in diameter at the viewing distance of 70 cm (yielding a movement that spanned \~7.5° visual angle). Stimulus presentation, data recording, and all data analyses were handled by a custom Matlab toolbox written by ADW, incorporating the Psychtoolbox \[[@pone.0121708.ref032]\].

![Illustration of apparatus used in the experiment.\
Illustration showing left and right joysticks that control the horizontal movements of the top and bottom dots on the computer display, respectively. The display sat on a shelf centered at eye height for the participant and the joysticks sat below this shelf where they could be grasped, but not seen, by the participant.](pone.0121708.g001){#pone.0121708.g001}

Procedure {#sec006}
---------

Participants performed in two assessment sessions (baseline and post-test) and five training sessions, each occurring on a different day, following the timeline: baseline ➔ five training sessions ➔ post-test.

Participants in each age group were divided into two groups of 12 participants each for the learning of 90° during the training phase. One group, called 'visual', both visually and haptically perceived relative phase while learning 90°, and the other group, called 'haptic', only haptically perceived relative phase while learning 90°. The visual information was provided by moving dots in the display. Haptic information was of the hands moving the joysticks. Participants in the haptic group did not see dots moving in the display. Members of the two groups were tested in the same ways during assessment sessions with the exception of the initial demonstrations and practice trials. In each of the assessment sessions and for each of the different target relative phases (that is, 0°, 180° and 90°), participants first experienced an eight-second long demonstration of the target relative phase. The visual group viewed a display of two dots moving at the target relative phase. The haptic group experienced a coach passively moving the participant's hands holding the joysticks to produce 90° while the participant's eyes were closed. Then, participants in each group were given a practice trial (data not recorded) in which they grasped and moved joysticks to attempt to reproduce the pattern of the movement they had just experienced. During this attempt, they were provided with visual feedback indicating the accuracy of their movement performance. For the visual group, the moving dots turned from white to green when the relative phase being produced was within a bandwidth ± 20° of the target relative phase. For the haptic group, an unmoving dot on the screen turned from white to green when the relative phase being produced was within a bandwidth ± 20° of the target relative phase. After the demonstration and the practice trial, participants were tested in producing the target relative phase in each of five trials without visual feedback. Each trial lasted for 20 seconds. The target relative phases were: 0°, 180° and 90°, blocked and presented in that fixed order.

During the training phase, participants in each age and information group performed in five training sessions. In each of the five sessions, participants performed four blocks (three trials long) with a target relative phase of 90°. An eight-second long demonstration was provided at the beginning of each trial block. For the visual group, the demonstration was a display of two dots moving at a relative phase of 90°, and the following 3 training trials were provided with concurrent visual feedback, that is, when the participant moved at 90° within an error bandwidth, the person-controlled dots turned from white to green. For the haptic group, the demonstration involved manual guidance in which a coach passively moved the participant's hands holding the joysticks to produce 90° while the participant's eyes were closed. The concurrent feedback provided in the following three training trials was a single static dot in the center of screen that changed color from white to green when the participant actively moved the joysticks at 90° within an error bandwidth. The error bandwidth for the target relative phase was set to fade across sessions: ±30° in the first training session, ±25° the second, ±20° the third, ±15° the fourth, and ±10° the last.

The posttest assessment sessions were the same as the baseline assessment sessions with the exception that they were done twice for each group alternating the information made available in the second posttest session to be that of the other group in each case.

Data Analysis {#sec007}
-------------

The two position time series from each trial were filtered using a low-pass Butterworth filter with a cut-off frequency of 10Hz and numerically differentiated to yield a velocity time series. These were used to compute a time series of relative phase, the key measure of coordination between the two joysticks.

To assess the stability of the coordination over the course of a trial, we used a measure of proportion of time on task (PTT). The measure is the proportion of time during a trial that the relative phase falls within a +/− 20° window of the target relative phase (e.g. 90°). We averaged PTT, for each participant, over the trials performed in a given condition. We chose PTT as the primary measure because, in human movement, stability is not independent of mean relative phase; so measures that simply assess overall movement variability (e.g. the standard deviation of mean relative phase or mean vector length) are confounded with the actual relative phase produced. Coordination stability at 90° can be artificially elevated if participants spend time at other locations (e.g. 0° or 180°), which they do as these locations are natural attractors \[[@pone.0121708.ref003]\], (see Wilson et al. \[[@pone.0121708.ref033]\] for an extended analysis of this problem). Proportion of time on task allows us to address this problem (see Snapp-Childs, et al. \[[@pone.0121708.ref014]\] for an explicit comparison of the two methods). It is simply the proportion of the relative phase time series that falls within the range of the target phase +/- a tolerance (e.g. of 20°), thus summarizing the data of interest (consistency and accuracy) and eliminating the confound. This measure ranges from 0--1 and validly measures stability of coordination at the required relative phase in a single number \[[@pone.0121708.ref007],[@pone.0121708.ref008]\].

Means were computed for each trial and then across repeated trials performed by all participants within blocks. A learning score was computed by subtracting post-test means from paired baseline means.

First, we examined baseline performance at 0°, 180°, 90° visual and 90° haptic for all ages and both groups (visual and haptic) using a mixed design ANOVA with relative phase (0°, 180°, 90° visual and 90° haptic) as a repeated measure factor, and age (20-year olds, 50 year-olds, 60 year-olds, 70-year olds) and group (visual, haptic) as between-subjects factors. Next, we tested for learning using a mixed design ANOVA separately for each group with session (baseline, post-test) as a repeated measures factor and age (20-year olds, 50 year-olds, 60 year-olds, 70-year olds) as a between subjects factor. Then, we examined learning scores (the differences between PTT at baseline and post-test) for all ages and groups performing 90°. We used a factorial ANOVA with age (20-year olds, year-olds, 60 year-olds, 70-year olds) and group (visual, haptic) as between-subjects factors. To examine interactions, t-tests (2-tailed) were used. We also tested transfer from the task and information used during training (visual or haptic) to the other task and information (haptic or visual, respectively). To do this, we added task (same, different) as a repeated measure to the previous ANOVA design and included the different task scores which were 90° haptic for the visual group and 90° visual for the haptic group.

We also examined learning rates. Exponential functions were fitted to learning curve data. The functions were of the form: $$\text{PPT=a}e^{\frac{\text{-b}}{\text{S}}}$$ where PTT is 'Proportion of Time on Task', S is session (1 = baseline, 2--6 = training, and 7 = post-test), and a and b are parameters. The function was fitted to the data for each participant. First, the PTT means and session numbers were transformed as follows: $$\left. \text{PTT}\rightarrow\text{ln}\left( \text{PTT} \right)\text{~~and~~S}\rightarrow\frac{\text{1}}{\text{S}} \right.$$ Then, least squares linear regression was used to fit a line to the relation between the two sets of transformed values, separately for each participant. The slopes and intercepts yielded by these fits were used to derive the parameters a and b in Equation ([1](#pone.0121708.e001){ref-type="disp-formula"}). Then, we computed the first derivative of the function in Equation ([1](#pone.0121708.e001){ref-type="disp-formula"}) as follows: $$\frac{\left( \text{ab} \right)}{\text{S}^{\text{2}}}\text{e}^{\frac{\text{-b}}{\text{S}}}$$ We then evaluated Equation ([2](#pone.0121708.e003){ref-type="disp-formula"}) at Session 1 (S = 1) to get a value for learning rate for each participant. Negative values were set to 0 (16% overall). Finally, we performed a factorial ANOVA on these learning rates with age (20s, 50s, 60s, 70s) and group (visual, haptic) as factors. Also, all combinations of ages were compared taken two at a time.

Results {#sec008}
=======

Proportion of Time on Task (PTT) was measured for each trial. This was the portion of the time in each trial during which the produced relative phase was within +/--20° of the 90° target phase. For each participant and block of trials within condition, we computed the mean PTT over trials within a block. All subsequent analyses were performed on these mean PTT scores.

Baseline {#sec009}
--------

At baseline, the level of performance in each of the two groups (visual and haptic) should not have been different. On the other hand, the level of performance in both groups should have been significantly worse when participants attempted to produce 90° relative phase as compared to 0° or 180° relative phase, because people are able to do 0° and 180° intrinsically, but have to learn to be able to do 90° and because we meant to exclude from participation people who had already learned to do 90°. In addition, baseline performance might have varied as a function of age level or task (that is, 90° visual versus 90° haptic).

To address these possibilities, we performed a mixed design Analysis of Variance (ANOVA) on mean Proportion of Time on Task (PTT) at baseline with group (visual, haptic) and age (20, 50, 60, 70) as between-subjects factors and phase (0°, 180°, 90° visual, 90° haptic) as a repeated-measures factor. The result yielded main effects of age (F(3,88) = 9.4, p \< 0.001, η^2^ = 0.02) and phase (F(3,264) = 864.4, p \< 0.001, η^2^ = 0.83), but not of group (p \> 0.1). The mean PTT was greater for younger participants: 20s = 0.47; 50s = 0.42; 60s = 0.39; and 70s = 0.39. The mean PTT was greater for 0° (0.62) and 180° (0.66) as compared with 90° visual (0.20) or 90° haptic (0.19). In addition, there was a significant age by phase interaction (F(9,264) = 3.4, p \< 0.001, η^2^ = 0.01). While mean PTT was constant across ages at 0°, it varied across ages for 180° and 90°. Furthermore, there appeared to be a difference between 90° visual and 90° haptic, especially for participants in their 20s.

To test this latter possibility, we performed the ANOVA with only two levels of phase: 90° visual and 90° haptic. The result again yielded main effects for age (F(3,88) = 11.4, p \< 0.001, η^2^ = 0.24) and phase (F(1,88) = 4.2, p \< 0.05, η^2^ = 0.005) as well as an age by phase interaction (F(3,88) = 7.3, p \< 0.001, η^2^ = 0.03). Overall, 90° visual was greater than 90° haptic as shown in [Table 1](#pone.0121708.t001){ref-type="table"}. As also shown, 90° visual only yielded better performance for participants in their 20s (who were also better overall). We performed paired t-tests (2-tailed) comparing 90° visual and 90° haptic at each age. Only the 20s yielded a significant difference (t(23) = 3.6, p \< 0.002). Other ages did not reach significance (p \> 0.2 or more).

10.1371/journal.pone.0121708.t001

###### Mean Proportion of Time on Task at baseline for each age and information group.

![](pone.0121708.t001){#pone.0121708.t001g}

                    20s    50s    60s    70s    Overall
  ----------------- ------ ------ ------ ------ ---------
  **90° visual:**   0.29   0.19   0.17   0.15   0.20
  **90° haptic:**   0.23   0.18   0.15   0.15   0.18

Finally, we tested for potential novelty effects in the two learning conditions, 90° visual and 90° haptic. In each condition, we performed a multiple regression testing for an increasing trend in the PTT measure over trials in baseline, with age and age by trial interaction included as factors. In the 90° visual condition, the analysis was significant (F(3, 476) = 74.1, p \< 0.001, r^2^ = 0.32), but only age was significant (p \< 0.001, t = 6.2). Both trial (p \> 0.4) and the interaction (p \> 0.8) failed to reach significance. In the 90° haptic condition, the analysis was significant (F(3, 476) = 20.6, p \< 0.001, r^2^ = 0.12), but again only the age was significant (p \< 0.001, t = 3.2). Both trial (p \> 0.7) and the interaction (p \> 0.9) failed to reach significance.

Overall the analyses of baseline data showed no differences between the visual and haptic groups, but clear differences as a function of both age and the presence or absence of visual information. In respect to age, participants in their 20s and 50s did better than those in their 60s and 70s. Furthermore, participants in their 20s were able to perform better with visual information than without it, but participants at other ages did not exhibit this advantage. There was no evidence of novelty effects.

Baseline versus Post-test at 90° Relative Phase {#sec010}
-----------------------------------------------

We tested whether participants in each of the two groups (visual and haptic) improved in their performance of 90° relative phase as a result of training and whether any such improvement varied as a function of age, that is, whether older participants exhibited less of an increase in the Proportion of Time on Task (PTT) than did younger participants. We compared mean PTT scores at post-test to baseline scores. Only the data from the task experienced in training were analysed here for each group, respectively. For the visual group, the task was 90° visual and for the haptic group, it was 90° haptic.

We performed a mixed design ANOVA on mean PTT data with group (visual, haptic) and age (20, 50, 60, 70) as between-subjects factors and session (baseline, post-test) as a repeated-measures factor. The results yielded main effects of age (F(3,88) = 35.6, p \< 0.001, η^2^ = 0.30) and session (F(1,88) = 99.6, p \< 0.001 η^2^ = 0.18). There were also significant interactions of age by session (F(3,88) = 12.6, p \< 0.001, η^2^ = 0.07) and of age by group (F(3,88) = 4.9, p \< 0.005, η^2^ = 0.04). The PTT means relevant to this latter interaction are shown as the overall scores by age in [Table 2](#pone.0121708.t002){ref-type="table"} (for the visual group) and [Table 3](#pone.0121708.t003){ref-type="table"} (for the haptic group). We performed unpaired t-tests (2 tailed) to test the difference between groups at each age. Only the difference for the 20s reached significance (t(22) = 2.5, p \< 0.02. All other ages were p \> 0.3. This was the result to be expected given the findings in the analysis of baseline data, namely that the availability of visual information was advantageous, but only for participants in their 20s. However, this advantage was for performance overall, not for learning. Younger participants performed better than older participants. The PTT means by age were as follows: 0.34 for 20s, 0.24 for 50s, 0.20 for 60s, and 0.17 for 70s. Nevertheless, older participants improved with training, We performed paired t-tests (2-tailed) comparing Baseline and Post-test for each age with results as follows: for the 20s: t(23) = 7.4, p \< 0.001; for the 50s: t(23) = 5.6, p \< 0.001; for the 60s: t(23) = 2.2, p \< 0.04; for the 70s: t(23) = 4.1, p \< 0.001. One participant among those in 60-year old age group performed substantially less well in the Post-test. These tests were all significant, p \< 0.05, with a Holm-Bonferroni correction \[[@pone.0121708.ref034]\].

10.1371/journal.pone.0121708.t002

###### Visual group: Mean Proportion of Time on Task for each age group at baseline and post-test together with overall means.

![](pone.0121708.t002){#pone.0121708.t002g}

                   20     50     60     70     Overall
  ---------------- ------ ------ ------ ------ ---------
  **Baseline:**    0.28   0.19   0.15   0.13   0.19
  **Post-test:**   0.50   0.32   0.20   0.19   0.30
  **Overall:**     0.39   0.26   0.18   0.16   0.24

10.1371/journal.pone.0121708.t003

###### Haptic group: Mean Proportion of Time on Task for each age group at baseline and post-test together with overall means.

![](pone.0121708.t003){#pone.0121708.t003g}

                   20     50     60     70     Overall
  ---------------- ------ ------ ------ ------ ---------
  **Baseline:**    0.21   0.18   0.20   0.15   0.19
  **Post-test:**   0.40   0.27   0.24   0.22   0.28
  **Overall:**     0.30   0.22   0.22   0.18   0.24

Testing learning scores {#sec011}
-----------------------

Because participants exhibited different performance levels in baseline as a function of age level and task (90° visual versus 90° haptic), we computed learning scores to provide a measure of the change in performance level as a result of training, independent of the initial baseline levels of performance. Learning scores were computed by subtracting Baseline from Post-test PTT scores. We analysed learning scores for the tasks in which participants in each group had trained, that is, 90° visual for the visual group and 90° haptic for the haptic group. The scores were tested in a multi-factor ANOVA with age (20, 50, 60, 70) and group (visual, haptic) as between-subjects factors. The results yielded only a main effect of age (F(3, 88) = 12.6, p\< 0.001, η^2^ = 0.29). There was no difference between the visual and haptic groups.

We used the confidence interval approach to the two one-sided test procedure to infer equivalence of the visual and haptic groups in respect to learning. In this procedure, equivalence is established if the designated confidence interval (for α = 0.05, the CI = (1--2 α)×100 = 90%) for the mean difference between groups is contained within the equivalence margin or (-δ, δ) interval \[[@pone.0121708.ref035]\]. For this experiment, the mean difference between groups was obtained by subtracting the haptic group's mean performance from the visual group's mean performance (so negative numbers reflect the haptic group being superior to the visual group). The (-δ, δ) interval was set at (-0.10, 0.10). We chose this (-δ, δ) because this approximately reflects differences in the total proportion measure found to be reliably different in this and many previous studies. The mean difference between groups and the confidence intervals were: 0.022 ± 0.032 (-0.010, 0.054). Because these range limits were half the δ--levels required to accept the null hypothesis (that is, lack of equivalence), we concluded that trained visual and haptic performances were equivalent.

As shown in [Fig 2](#pone.0121708.g002){ref-type="fig"}, younger participants exhibited larger learning scores than older participants. Independent (2-tailed) t-tests yielded significant differences (t(46) \> 2.2, p \< 0.05 or better with Holm-Bonferroni correction \[[@pone.0121708.ref035]\]) between 20s and 50s, 60s and 70s, between 50s and 60s and 70s, but not between 60s and 70s (p \> 0.4).

![Proportion of time on task for the haptic group across age, and assessment sessions.\
Mean proportion of time spent within 20° of the 90° target mean relative phase across the baseline, 5 training sessions, and post-test session for the haptic group performing the task with haptic information only, followed by the transfer task with visual information at baseline and post-test for all 4 age groups. 20s: circles; 50s: squares; 60s: triangles; 70s: diamonds. Error bars are standard errors.](pone.0121708.g002){#pone.0121708.g002}

The 50s cliff appears in [Fig 2](#pone.0121708.g002){ref-type="fig"} just as it did in Coates et al. \[[@pone.0121708.ref022]\]. If the 50s cliff reflected a deficit in visual motion perception, then the expectation would be that the older participants in the visual group should have improved less than those in the haptic group, which in turn, should not have exhibited the 50s cliff. The results failed to confirm this expectation. The two groups exhibited equal amounts of learning and both exhibited the 50s cliff. This supported the conclusion that the 50s cliff reflects a genuine decline in perceptuo-motor learning.

Testing transfer of learning to tasks using other information {#sec012}
-------------------------------------------------------------

Next, we tested whether participants, that are trained in one task (using either visual or haptic information), and then are tested in the other task (using haptic or visual information, respectively), exhibit the same learning scores in the transfer task. If the 50s cliff reflects an age dependent deficit in visual motion perception, then the expectation would be that performance would consistently be worse for older participants when using visual information.

We performed a mixed design ANOVA on learning scores with age (20, 50, 60, 70) and group (visual, haptic) as between-subjects factors and task (same, different) as a repeated-measures factor. For the visual group, same was 90° visual and different was 90° haptic. For the haptic group, same was 90° haptic and different was 90° visual. The results yielded main effects of age (F(3,88) = 8.9, p \< 0.001, η^2^ = 0.19) and task (F(1, 88) = 4.4, p \< 0.05, η^2^ = 0.007). There was also a significant interaction of age by task (F(3,88) = 2.9, p \< 0.05, η^2^ = 0.02). As shown in [Table 4](#pone.0121708.t004){ref-type="table"}, performance was better when the task was the same as in training, but only for younger participants. A paired t-test (2-tailed) was performed to test same versus different for each age. Only 20s was significant (t(23) = 2.3, p \< 0.05).

10.1371/journal.pone.0121708.t004

###### Learning scores for each age group and task.

![](pone.0121708.t004){#pone.0121708.t004g}

               20     50     60     70     Overall
  ------------ ------ ------ ------ ------ ---------
  Same:        0.20   0.11   0.06   0.06   0.11
  Different:   0.14   0.10   0.06   0.05   0.09

The availability and use of visual information did not yield a decrement in learning for older participants. Older participants exhibited equal amounts (with the means equal or within a single percentage point) of improvement in performance with learning when tested using visual or only haptic information (although the improvement was less than their younger counterparts). This supports the conclusion that the 50s cliff reflects a genuine decline in perceptuo-motor learning and not a deficit in visual motion perception. Furthermore, younger participants exhibited superior performance when tested with the same information with which they had trained. This occurred both when training with visual and with haptic information. Thus, there was not an improvement that was specific to the type of information. The improvement was specific to the training.

Learning rates {#sec013}
--------------

Next, we tested whether learning rates exhibited a decrease as age increased with a steep decline between 50 and 60 years of age, that is, a 50s cliff comparable to that in previous findings \[[@pone.0121708.ref022]\].

[Fig 3](#pone.0121708.g003){ref-type="fig"} shows the mean learning curve for each of the age groups performing 90° relative phase across all sessions with visual information. [Fig 4](#pone.0121708.g004){ref-type="fig"} shows the mean learning curve for each of the age groups performing 90° relative phase across all sessions with only haptic information. As described in the methods, exponential functions were fitted to these curves, including baseline, training and post-test sessions. The results were used to evaluate the derivative of the functions at Session 1 to derive an estimate of the learning rate for each participant. (Two of the oldest participants, 57 and 58 years respectively, of the 50s haptic group yielded significant positive slopes reflecting the fact that their mean PTT for training sessions were all less than for baseline. These two participants were excluded from the following analysis.) The learning rates were then tested using a factorial ANOVA with age (20s, 50s, 60s, 70s) and group (visual, haptic) as between-subjects factors. The results yielded a main effect of age (F(3, 86) = 15.1, p \< 0.001, η^2^ = .33). Neither group nor the interaction was significant (p \> 0.4). We performed independent t-tests (2-tailed) with Holm-Bonferroni corrections comparing age groups two at a time and found 20s different from 50s, 60s, and 70s (t(46) \> 2.5, p \< 0.02 or better), 50s different from 60s and 70s (t(44) \> 2.5, p \< 0.05 or better), but 60s was not different from 70s (p \> 0.4).

![Mean learning scores.\
Mean learning scores for all 4 age groups and both training groups. Scores computed as difference of post-test and baseline proportion of time on task. Error bars are standard errors. Visual group: circles; Haptic group: squares.](pone.0121708.g003){#pone.0121708.g003}

![Proportion of time on task for the visual group across age, and assessment sessions.\
Mean proportion of time spent within 20° of the 90° target mean relative phase across the baseline, 5 training sessions, and post-test session for the visual group performing the task with visual information, followed by the transfer task with haptic information only at baseline and post-test for all 4 age groups. 20s: circles; 50s: squares; 60s: triangles; 70s: diamonds. Error bars are standard errors.](pone.0121708.g004){#pone.0121708.g004}

As shown in [Fig 5](#pone.0121708.g005){ref-type="fig"}, these learning rates exhibited nearly (and sometimes exactly) the same mean values, and thus, the same pattern for both groups (visual and haptic), including the 50s cliff, which appears as it did in the previous study by Coates et al. \[[@pone.0121708.ref022]\].

![Mean learning rates.\
Mean learning rates for all 4 age groups and both training groups. Error bars are standard errors. Visual group: filled circles; Haptic group: open squares.](pone.0121708.g005){#pone.0121708.g005}

Discussion {#sec014}
==========

Previously, Coates et al. \[[@pone.0121708.ref021]\] had investigated changes in perceptuo-motor learning rates with aging. They tested participants in their 20s compared with participants over 60 (60s, 70s, and 80s) using the visual unimanual rhythmic coordination task. Coates et al. found that the learning rates of the older participants were half those of the younger participants in their 20s.

Subsequently, Coates et al. \[[@pone.0121708.ref022]\] investigated the way these learning rates change over the lifespan. Using the same task, they tested participants in all the decades from the 20s through to the 80s. They found a steady but modest gradual decline in learning rate (by about a fifth) as age progressed from the 20s up through the 40s. Then, from the 50s to 60s, the rate dropped suddenly and significantly to half of the original rate. Then, the learning rates remained steady through to the 80s. The sudden drop was called the '50s cliff'. This was a startling result that was potentially of great significance. Perceptuo-motor learning can be of great importance for older people who need to re-learn old movement skills or learn news ones to recover from and adapt to injury or stroke, for instance. However, Coates et al. \[[@pone.0121708.ref022]\] were unsure whether the 50s cliff reflected a genuine decline in perceptuo-motor learning rates as a function of age or whether instead, it reflected a deficit in visual motion perception that emerges with aging. They noted that their coordination task entailed visual motion perception as essential to performance, because only visual information about the relative phase relation between the moving dots was available to control the dots to try to produce the target phase of 90°. Investigations have shown that when visual motion perception is performed by observers over 60 years of age, the performance is poor for certain tasks including 3D shape perception from motion (with any amount of noise in the motion display) \[[@pone.0121708.ref024], [@pone.0121708.ref025]\] and speed discrimination \[[@pone.0121708.ref026], [@pone.0121708.ref027]\]. Thus, it was possible that the 50s cliff reflected a decline in motion perception ability rather than in perceptuo-motor learning ability.

The research reported in the current paper was designed to discover whether the 50s cliff reflected change in motion perception or perceptuo-motor learning. We tested participants in age groups that would reveal the 50s cliff including participants in their 20s, 50s, 60s and 70s. Instead of the visual unimanual coordination task, we employed a bimanual coordination task that could be performed either with or without the availability of visual information about the coordinated movements. Participants used their left and right hands to grasp left and right joysticks and then move them to produce oscillatory movements with specific relative phase relationships between the moving joysticks. Different groups of participants in each age range performed the task either with haptic information only or with both haptic and visual information about the movements and the phase relationship being produced. Haptic information about relative phase was available from the hands moving the joysticks. These could not be seen, however, because they were behind a shelf that occluded them. Half the participants performed with visual information made available because the joysticks each controlled the movement of a dot in a computer display, each of the two dots moving back and forth, one dot above the other in the display. One group of participants trained at performing 90° relative phase using only haptic information about relative phase. Both before and after training they were tested both with and without visual information in addition to the haptic information about phase. The other group trained using both visual and haptic information about relative phase. Both before and after training, they were tested both with and without the visual information in addition to the haptic information.

If the 50s cliff was caused by a deficit in visual motion perception with aging, then we expected two results in the performance of older participants. First, we expected the amount of learning with training to be less when training was done with visual information than without it. In this case, we would not expect the 50s cliff to appear in the results for the group that trained only with haptic information. Second, we expected performance with visual information to be worse in general, even if the (older) participants trained using only haptic information. On the other hand, if we found the amount of learning to be comparable both with and without visual information and the 50s cliff appeared in the results for both groups, then this would suggest that the 50s cliff reflects a genuine decrement in perceptuo-motor learning. Likewise, if an older participant's performance after training was either equally good using either type of information, or better simply using the information with which the participant had trained (that is, better with haptic, if trained with haptic, and better with visual if trained with visual), then this also would support the conclusion that the 50s cliff was not due to a visual motion perception deficit and instead, reflects a decrement in perceptuo-motor learning with aging. Finally, if performance of older participants was generally better, both before and after training, with the additional information supplied by vision, then again the 50s cliff could not have been due to a deficit in visual motion perception that emerges with aging and must reflect a genuine decrement in learning.

The results supported the conclusion that the 50s cliff reflects a genuine decline in perceptuo-motor learning that occurs with aging. First, we found no difference in the amount of learning as a function of the information used during training. Analysis of learning scores yielded no effects of training groups that trained with vision or only haptic information. There were differences in performance at baseline. Younger participants did better overall at baseline and in addition, younger participants did better at baseline with visual information available. However, the amount of learning achieved as a result of training with either haptic plus visual or only haptic information about relative phase was not different at any age. Learning occurred at all ages, although younger participants exhibited greater amounts of learning overall (independent of the information used during training), especially participants in their 20s. So again, older participants learned equally well when they trained using visual versus haptic information. Finally, the 50s cliff appeared in the results for both training groups and in particular, in the group that trained using only haptic information.

Second, we found that younger participants did better when tested, after training, with the same information that they had used during training. There was no difference for older participants as a function of the type of information with which they were tested (independent of what information they had used during training). Thus, older participants did not perform worse with visual information. They also did not perform better with the addition of visual information. For all participants both young and old, the amount of learning was independent of the type or amount of information available during training. Younger participants (but not older ones) performed better after training when tested with the type and amount of information with which they had trained. Thus, the learning appeared to be more information specific for younger, but not older, participants. On the other hand, younger participants exhibited substantially greater learning as had been found in previous studies \[[@pone.0121708.ref021], [@pone.0121708.ref022]\].

Finally, when we measured and analysed learning rates, we found that the pattern of results was the same as that found previously by Coates et al. \[[@pone.0121708.ref022]\] with no differences between the two groups in the current study, that is, visual versus haptic. Learning rates decreased from 20s to 50s and were lowest for 60s and 70s. Both groups exhibited the 50s cliff pattern, that is, after more gradual decline in learning from 20s to 50s, a large decrease occurred between 50s and 60s, after which, learning rates remained constant. Again, there was no difference between the two groups showing that the 50s cliff cannot be merely the result of poor visual motion perception.

Because we only tested younger participants in their 20s and 50s, and not also 30s and 40s as in the previous study \[[@pone.0121708.ref022]\], it remains possible that the steeper decline in learning rate might have started earlier in case of bimanual coordination with or without vision. We cannot rule out the possibility that learning rates remained constant until, for instance, the 40s at which point the rate of decline evident between 50 and 60 might have begun. Nevertheless, the cliff would remain and extend through the 50s. The current and previous \[[@pone.0121708.ref022]\] results show that the decade of the 50s is a period of steep decline in perceptuo-motor learning rates.

Collectively, the evidence supports the conclusion that the 50s cliff is, in fact, a decline in perceptuo-motor learning and not merely a decline in motion perception abilities.
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